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Introduction
Through-the-wall sensing is currently a topic of great interest to defense agencies both in the U.S. and abroad. Among the large spectrum of sensors that have been considered, lowfrequency ultra-wideband (UWB) radar offers great potential for detecting targets behind walls, as well as for building imaging. The major challenge for this type of scenario, which involves the penetration of electromagnetic waves through a lossy medium concealing the target, is the trade-off between good penetration properties and good resolution, while trying to maintain a realistic antenna size/power requirement. Operating the radar in the low frequency microwave range (500 MHz to 3 GHz) has the advantage of good penetration through building structures.
Although the UWB radar technology has been considered in the context of sensing through the wall (STTW) applications for a few years now (1 through 3), there are still many less-understood aspects that require investigation. Among them we can list: the radar signature of the human body, the Doppler signature of a moving human, the transmission properties of walls (and, related, the electric properties of construction materials), synthetic aperture radar (SAR) techniques for building imaging, signal and image processing techniques that exploit the radarcollected information, as well as hardware issues involved in designing and building a STTW radar system. The U.S. Army Research Laboratory (ARL) has been active in all these fields of investigation, approaching these issues both through hardware design and radar measurements and through computer simulation of various STTW scenarios. We are currently involved in two major STTW programs within the Department of Defense (DoD), as well as participating in international panels on STTW technologies with military applications.
In a previous study (4), we investigated the radar signature of the human body in free-space from a computer modeling perspective. Continuing our research in computer modeling for STTW radar applications, this present report tackles larger-scale simulations, where we place the human body in a simple room. In this report, we focus on the radar return from the room at a single observation angle, by computing the range profiles resulting from a short pulse excitation. For this purpose, we use two modeling techniques for radar signature computation, namely the Finite-Difference Time-Domain (FDTD) and Xpatch.
The propagation of electromagnetic waves through buildings has received a great amount of interest in connection with the wireless communication devices, which have become omnipresent nowadays. Computer modeling of such phenomena usually involve techniques such as ray tracing, physical optic (PO), geometric theory of diffraction (GTD) and other related field computation methods (5 through 7). All these are approximate techniques, which work accurately when the scattering structures are much larger than the wavelength. Exact field computation methods, such as FDTD, have also been applied to this type of problems, but only for two-dimensional problems (8 through 11), or hybridized with some approximate, high-frequency technique (12, 13) . More recently, FDTD was used in full three-dimensional simulations of wave propagation within building structures, for near-field sources and receivers (14, 15) . The present study is the first reported attempt to model three-dimensional far-field radar scattering from room structures entirely by FDTD. The major challenge in our approach is the large size of the computational space, which extends tens of wavelengths across in all directions. Therefore, we start by analyzing the issues related to this type of simulation and finding solutions to eliminate eventual modeling artifacts. For the Xpatch models we are confronted with a completely different type of challenge. Although Xpatch is a very efficient code, capable of solving large problems (in an electromagnetic sense) with a modest amount of computational resources, its accuracy at relatively low microwave frequencies (such as the bands used by typical STTW radars) has not been sufficiently investigated. Consequently, one major task of our study is to validate the Xpatch models for STTW radar applications and establish its limitations in simulating such scenarios. We achieve this by comparing the Xpatch and FDTD radar signatures of the same room.
Besides understanding the issues involved in applying certain computational electromagnetic (CEM) codes to model basic STTW radar problems, our purpose is to investigate the phenomenology involved in operating a STTW UWB radar. Based on these computer models, we are able to make recommendations to radar system designers with regard to essential parameters, such as frequency of operation, bandwidth, aperture size, polarization etc.
This report is organized as follows. First, we present a short overview of the modeling methods used in this study (section 2). The modeling results are presented in section 3. We introduce the computational meshes and radar parameters in section 3.1 then analyze the FDTD results for basic configurations in section 3.2. The Xpatch results are compared to FDTD in sections 3.3 through 3.5, for various scenarios. In section 3.6 we explore the idea of operating the radar in cross-polarization mode. We finalize with conclusions in section 4.
Overview of the Electromagnetic Modeling Techniques
As mentioned in the Introduction, for this study we employ two widely used CEM modeling techniques, namely FDTD and ray-tracing combined with PO. The FDTD code we used for this work is called AFDTD and was entirely developed at ARL for radar signature modeling. We also used Xpatch, which is a ray-tracing-based code, developed by Science Applications International Corporation (SAIC) under a grant from the U.S. Air Force. Since we made a detailed presentation of these codes in some previous reports (4,16), we will confine this section to a very brief introduction. Also, the reader interested in finding more information is directed to a number of books and references to these subjects (17 through 19) .
The FDTD algorithm is based on discretizing Maxwell's time-domain equations, using finite differences in spatial and temporal dimensions. The computational space, with a uniform, rectangular, grid-like structure, is made of elementary cubic cells. The electromagnetic field components are computed along the cell's edges and faces, at discrete time steps. By discretizing Maxwell's equations in time and space, we obtain the so-called FDTD update equations, which allow updating of a current field component sample, based on the values of neighboring field component samples obtained at a previous time step. The main advantages of the FDTD algorithm are the simplicity of implementation, the efficiency of parallelization, the fact that it can handle almost arbitrary media electric properties and geometries and can also provide results over a wide range of frequencies in one time-marching run. The major disadvantage of the FDTD technique is its computational cost, which scales up very rapidly with the physical size of the computational domain and the frequency of interest. Consequently, although FDTD is an exact solver capable of simulating a wide range of radar scenarios, there are certain bounds to the problem size that can be solved in a reasonable amount time with limited computer resources.
Xpatch is part of a family of CEM techniques that rely on high-frequency approximations to model field propagation and scattering. In particular, it implements ray tracing combined with PO (20) to compute the radar return from arbitrary targets. The code has a powerful built-in graphics user interface (GUI), which allows the user to draw and analyze complex meshes, and visualize the data. In the applications presented here, the meshes describe the target surface, using a triangular facet model. Although Xpatch has been successfully used in a large number of radar applications, it has a number of limitations, which stem from the approximate nature of the methods it implements. Thus, the PO approximation may produce wrong results at angles off the specular direction, and cannot accurately account for diffraction from dielectric wedges. Also, it does not capture important wave phenomena, such as surface, creeping, or traveling waves, as well as some interesting effects in multiple scattering scenarios. However, as compared to FDTD, Xpatch can achieve vastly superior speed in modeling radar problems (typically 100 to 1000 times faster).
We have performed the simulations in this study at the U.S. Army Major Shared Resource Center (MSRC) (21) on Linux Networx Evolocity II clusters. Note that the room modeling is the largest production run to date where we have used the AFDTD software. We employed the parallel version of this code, run on 24 processors for each different case or angle of incidence. All the graphics in this report were done with Pioneer RCS. The pre-and post-processing were performed on Dell workstations running Windows XP.
Numerical Results
Computational Meshes and Radar Parameters
The geometry of the room we analyzed in this study is shown in figure 1 . The room dimensions are 5 m x 3.5 m x 2.2 m, with the radar looking usually perpendicular to the widest side (which represents the φ = 0° azimuth direction). The human is placed in the middle of the room. In the first part of our study, we investigate a ground-based radar scenario, where the elevation angle is 0° (propagation vector in the x-y plane). For this case, the entire room is placed in free-space, meaning there is no infinite ground plane underneath the walls (a plane wave propagating at 0° elevation in the presence of an infinite ground plane would produce null total fields everywhere in the space). However, in most cases, we add a flat ceiling and a floor with the exact same extent as the room perimeter (those cases will be explained in the next section). In figure 1 these appear in yellow. The FDTD grids have a resolution (cubic cell size) of 5 mm, and their overall size is on the order of 780 x 1020 x 500 cells. For Xpatch, the walls are created by triangular facets in a very simple manner: each rectangle is made up of two triangles. More complex in this case is the human mesh, which contains approximately 35,000 facets with an average edge size of 1 cm. We looked at three different construction materials for the walls: brick, concrete and cinder blocks. All walls are 8" thick. The brick walls are made of a uniform dielectric with ε r = 3.8, σ = 0.03 S/m (for FDTD) or ε′ = 3.8, ε″ = 0.24 (for Xpatch) (22 through 25) . The difference between the two models was dictated by constraints built into the CEM codes. We tried to minimize the impact of this issue on the radar range profiles by matching the conductivity and the imaginary part of the permittivity in the middle of the frequency band. In both cases the building material is concrete, with ε r = 6.8, σ = 0.1 S/m (for FDTD) or ε′ = 6.8, ε″ = 0.9 (for Xpatch) (22 through 25) . Whereas for the solid concrete walls the dielectric material is uniform, the cinder blocks exhibit internal air gaps. A schematic representation of a cinder block is shown in figure 2a , whereas a top view of the entire mesh (ceiling and floor removed) is shown in figure  2b . Note that, when the cinder blocks are properly aligned, they form "air tubes" that run continuously along the wall height. The ceiling and floor are always represented as 6" thick concrete slabs. Since the wall geometry is relatively simple, it was generated directly by the Xpatch GUI (as a triangular facet model), and then converted by an ARL-developed mesh converter program (AFDTDGRID) to an FDTD grid. The human mesh represents the "fit man", as described in (4). We obtained this body mesh from a commercial Web site (26) . Since this model does not include the internal structure of the body, but only the exterior shell, we must assume that the entire body is made of the same uniform dielectric material. We picked for this material dielectric properties close to those of skin (ε r = 50, σ = 1 S/m for FDTD or ε′ = 50, ε″ = 12 for Xpatch). The validity of this uniform dielectric model for the human body was discussed in (4).
We assume that the radar operates as an UWB pulsed radar, and we are interested in analyzing the backscatter return corresponding to only one transmitted pulse, at a specific set of incidence angles. Since both modeling methods operate with plane waves in the far field, the antenna pattern is irrelevant to this scenario. Therefore, we only need to characterize the excitation pulse in terms of center frequency (f c = 2.5 GHz) and bandwidth (BW = 2 GHz). The pulse uses a Hanning spectral window (27) , as shown in figure 3 . Notice that the total bandwidth of the pulse (between the zero-crossing points) is 4 GHz. However, the value of 2 GHz listed above represents the effective pulse bandwidth (for a definition of the effective pulse bandwidth, see reference [28] ). We picked such a high value for the pulse bandwidth in order to obtain a very fine radar downrange resolution (in this case, 7.5 cm). To obtain the radar range profiles we start with the frequency domain scattering data, apply the spectral window and take an inverse Fast Fourier Transform (FFT). Then, we compute the envelope of the bipolar time-domain waveform and convert the time scale to spatial downrange. The magnitude is always presented in dB scale.
(a) (b) Figure 3 . UWB pulse defined by a Hanning frequency window with the center frequency at 2.5 GHz, showing (a) the pulse spectrum and (b) the pulse in the time domain; the total bandwidth extends from 0.5 to 4.5 GHz, while the effective bandwidth is only 2 GHz around the center frequency.
In section 3.5 we analyze a different scenario, where the radar is elevated at an angle of 20°. For this case, we use a slightly different room geometry, described in figure 4 . This room has exactly the same dimensions as the one shown in figure 1 , however, in this case, we do not include a human inside the room and the floor and ceiling are changed. Thus, the floor becomes an infinite ground plane (since the ground bounce of the incident and scattered plane waves plays a crucial role in the overall radar return; the ground plane is represented in blue), whereas the ceiling is made by a 1" thick slab of sheetrock (we want the ceiling to be easily penetrable so the radar can "see" inside the room; the ceiling appears in yellow). The material dielectrics are: for the ground ε r = 6.8, σ = 0.1 S/m (for FDTD) or ε′ = 6.8, ε″ = 0.9 (for Xpatch); for the ceiling ε r = 1.8, σ = 0 S/m (for FDTD) or ε′ = 1.8, ε″ = 0 (for Xpatch). For this scenario, we consider 12" thick brick walls. The excitation pulse parameters are the same as for the previous cases. 
Basic FDTD Simulations at Broadside Incidence
In this section, we focus only on FDTD models of the room with a human inside, at 0° elevation. In the range profile plots, we use the following color conventions: dark blue represents the room without ceiling and floor (FDTD models), red represents the room with ceiling and floor (FDTD models), cyan represents the room without the human inside (FDTD models) and black represents the Xpatch results (for that case we always have a human inside and the ceiling and floor do not matter). Also, we overlay the mesh contours (green lines) on top of the range profile, in order to associate the radar signature features to specific scattering centers. For broadside incidence, the mesh contours contain the outline of the front and back walls and the human (as seen from the top), in the middle of the chart.
In figures 5 and 6 we perform a detailed analysis of the brick wall room range profiles, for vertical-vertical (V-V) polarization. In the plots in figure 5 , we did not include a floor and a ceiling to the room in order to reveal the artifacts created by this kind of scenario. As we can notice in the figure, most of the peaks in the range profile are easily identifiable with simple or multiple reflections from the walls and the human. We notice that, after transmission through the first wall, all the subsequently reflected pulses are delayed relative to the corresponding target positions, since the waves are slowed down when they propagate through the wall material. A simple calculation can show that the downrange displacement of the pulses that are subject to a round-trip transmission through the front wall is:
where D is the displacement (spatial lag), t is the wall thickness and ε r is the wall dielectric constant. (Note: in fact, the exact transmission delay equation should include another factor involving the loss tangent, or ε"/ε r . However, for all the materials considered in this report, this ratio is relatively low, and equation 1 is accurate within less than 1% error). For peak #2 in figure 5 we obtain D = 7.6" (with respect to the back side of the front wall), which is in complete agreement with the range profile in that figure. Similar evaluations can be made for the other reflected pulses. Peak #3 represents a double round-trip reflection between the two sides of the front wall. Therefore, the distance between peaks #1 and 3 is double the distance between peaks #2 and 3. We also notice a decrease in pulse magnitude upon transmission through walls. The attenuation created by one round-trip transmission is: where A is the attenuation (in dB), f the frequency, c the speed of light, ε" the imaginary part of the permittivity, and T 12 and T 21 are the air-wall and wall-air transmission coefficients (29) (in this formula the wall thickness t must be expressed in meters, and the frequency in Hertz). For the parameters in figure 5 , we obtain A = 12.4 dB (at the pulse center frequency), which matches the difference in magnitude between peaks #1 and 2 or between peaks #5 and 6 (the transmission coefficient term contribution is about 1 dB in this case). The human contribution to the range profile is easy to identify as the difference between the graphs obtained in the presence of the human and in its absence (peak #10). However, there are a number of pulses in the range profile (peaks #7 through 9) that require more complex explanation.
NOTES:
(a) In all range profiles, the contours of the room and human meshes are overlaid in green.
(b) The numbered peaks have the following origins: 1 -reflection from the front side of the front wall 2 -reflection from the back side of the front wall 3 -double round-trip reflection from the back side of the front wall 4 -triple round-trip reflection from the back side of the front wall 5 -reflection from the front side of the back wall 6 -reflection from the back side of the back wall 7 -diffraction off the trailing edge of the front wall 8 -diffraction off the leading edge of the back wall 9 -multiple diffraction off the front wall 10 -human contribution Figure 5 . FDTD-computed radar range profiles for a brick room similar to that described in figure 1 , where the ceiling and floor have been removed; in light blue, the room alone (no human inside); in dark blue, the room with the human inside; V-V polarization, broadside incidence.
It can be shown that peaks #7 and 8 are produced by diffraction over the top and the bottom of the front and back walls. The main diffraction mechanisms are illustrated in figure 6 . We notice that the top and bottom of each wall forms a 90° edge that scatters energy in all directions. Some of the diffracted energy propagates over these edges back to the receiver. It is interesting that, although the peak #7 (coming from the trailing edge of the front wall) is almost negligible as compared to peaks #1 and 2, peak #8 (coming from the leading edge of the back wall) is comparable in magnitude with peaks #5 and 6. This effect can be explained by the fact that a leading 90° edge produces a relatively strong backscatter return at grazing incidence (compared to a trailing edge (29) , which produces peak #7), and also because the propagation of peak #8 back to the receiver goes entirely through air, over the top or bottom of the room (as opposed to peaks #5 and 6, which must penetrate at least one wall on their way back to the receiver). This diffraction over the top/bottom of the walls mechanism is made possible by the fact that we use plane waves at grazing incidence (0° elevation) in our FDTD models. In a real ground-based radar system, the antenna would have a relatively wide fanning pattern, and therefore, the incident waves would not propagate at grazing incidence over the top of the walls. Consequently, this kind of diffraction mechanism is not possible in a real radar system, even in the case when we have a building without ceiling. We conclude that these diffraction-produced peaks in the range profiles are FDTD modeling artifacts that do not reflect the operation of a real-life radar system. In order to eliminate them, we must add a floor and a ceiling to the room, as shown in figure 1 (the thickness and building material for these two are not critical parameters). The new range profiles obtained in figure 7 demonstrate the elimination of peaks #7 and 8 through this technique. Moreover, peak #9, which we ignored in the previous paragraph, also disappears in figure 7 . Although we do not have a precise explanation for the origin of this peak, the plots in figure 7 suggest that it is also related to diffraction (multiple diffraction most likely) from the front wall's edges. We should also mention that this diffraction over the top/bottom of the walls is not a problem for the Xpatch models (even if we omit the floor and the ceiling), since Xpatch cannot account for diffraction over dielectric edges aligned as in figure 6 . Figure 7 . FDTD-computed radar range profiles for the brick room in figure 1 , with the human inside, in V-V polarization, broadside incidence; in dark blue blue, the room without ceiling and floor; in red, the complete room as in figure 1 . Figure 8 compares the range profiles of a room with and without covers (ceiling and floor), when the walls are made of concrete. In these plots, we notice that the downrange lags of the pulses subject to wall transmission are larger than in the case of the brick walls, because of the higher dielectric constant of concrete (the displacement for one round-trip transmission is 12.9" according to equation 1). Also, the attenuation upon wall transmission is larger because of the higher loss (conductivity) exhibited by concrete (34 dB for one round-trip transmission, according to equation 2). Again, we notice the diffraction over the top/bottom of the walls for the room without floor and ceiling. The second diffraction peak (#8) is particularly large (in fact larger than the corresponding peak for the brick walls), since, as explained before, the propagation of the diffracted waves goes entirely though air, and not through the walls. Moreover, there is another diffraction peak (#11) that corresponds to the trailing edge of the back wall, which displays a sizeable magnitude. As in the case of the brick walls, introducing the floor and the ceiling eliminates the diffraction problem, including the peak #9 which is likely produced by multiple diffraction over the front wall. Figure 8 . FDTD-computed radar range profiles for the concrete room in figure 1 , with the human inside, in V-V polarization, broadside incidence; in dark blue blue, the room without ceiling and floor; in red, the complete room as in figure 1 .
In figures 9 through 11, we plot the room range profiles as computed by FDTD at broadside incidence, after cleaning up all the modeling artifacts. In each case, we compare the range profiles of the room with and without human inside, in order to emphasize the human contribution as the difference between the two graphs. We perform this analysis for both copolarization combinations (V-V and horizontal-horizontal (H-H)). The range profiles for the brick and concrete rooms (figures 9 and 10) were already described in the previous paragraphs. Besides, there are no significant differences between the V-V and H-H polarizations, except for the fact that the numerical noise floor seems to be higher for the H-H case. This could present a problem when we have to deal with a very weak return from targets placed behind walls (such as in figure 10b) , because the high level of noise would prevent detection of such targets. However, it should be emphasized that this is strictly a modeling issue, and it has absolutely no correlation with the noise figures of a real radar system (figure 10b indicates a dynamic range for our FDTD implementation of about 90 dB, which, according to the literature, is a very good figure for this type of algorithms [17] ). Also, we notice that the human body response is very similar for the two polarizations (consistent with the results in [4] ).
The cinder block case, shown in figure 11 , is different from the previous two in the sense that the walls are non-uniform, and we cannot clearly separate the reflections from the planar wall sides any longer. The new electromagnetic phenomena in this case are the multiple reflections that take place inside the air gaps of the cinder blocks. Since many reflections can take place inside the wall before the wave amplitude dies out, we notice these reverberations in the range profiles as a slowly decaying "tail" that appears behind the front wall. This wall-induced clutter can hamper the attempts to detect a target placed in the room. In the scenario depicted in figure 11 , the human body return is still above the clutter level. However, for a target placed very close to the front wall, the return would be completely swamped in clutter, making the detection process impossible. Figures 12 and 13 (brick and concrete walls) show a good agreement between the two modeling codes. The most important differences that we notice are small phase lags between some of the peaks computed by the two methods. These lags become more pronounced for the late-time peaks, and they are more significant for the concrete walls than for the brick walls. The difference can be explained by the numerical dispersion present in the FDTD algorithm (17) (Xpatch does not exhibit this problem, so it correctly evaluates the phase of each peak). This phenomenon is dependent on the spatial sampling rate of the EM fields. For instance, inside the brick walls, the sampling rate at 3.5 GHz (the upper limit of the excitation pulse's 6 dB frequency band) is about 9 samples per wavelength, whereas inside the concrete walls, this drops to about 6.6 samples per wavelength. In consequence, our simulations do not strictly meet the well-known rule of thumb of at least 10 samples per wavelength at the highest frequency in the spectrum, in the densest medium (17) . While this may not be a critical issue when the propagation distance through the high-dielectric medium is short (in our case, the front and back walls), the results in figures 12 and 13 demonstrate that some phase errors occur in the FDTD models. At the same time, we would like to emphasize that our FDTD grid resolution of 5 mm was limited by considerations related to the computational domain size -a smaller cell size would have led to a significantly increase in the computational resources necessary to model this scenario.
FDTD versus Xpatch at Broadside Incidence
Also, some differences in the range profiles come from FDTD's much higher numerical noise floor. However, as mentioned before, this is not an essential issue, since the numerical noise has no relationship with a real radar system noise.
Nevertheless, in the cinder block case ( figure 14) we notice more significant deviations between the two modeling methods. Specifically, Xpatch underestimates the clutter produced by multiple reverberations of the radar waves inside the front wall. This suggests the fact that there are more subtle phenomena occurring inside the cinder blocks, such as multiple diffraction (which cannot be taken into account by Xpatch), with significant contribution to the radar return.
In this section, we also compare the human contribution to the range profiles obtained by the two methods. In figure 15 we plot the radar return of a human placed in free-space and facing the radar (this is the reference for how close the two methods perform in modeling the human in a clutter-free environment). We notice that the FDTD and Xpatch range profiles match fairly well, especially in the main response (produced by the front of the human). Some differences can be seen in the late-time response, where Xpatch does not account for some multiple reflection phenomena (for more details on this issue see reference [4] ). The graphs in figure 16 are zoomed-in portions of the range profiles in figures 12a and 13a, respectively (V-V polarization only). They compare the human contribution computed with the two modeling methods, for the brick and concrete rooms, respectively. Again, the match is fairly good, especially in the main response, with the same kind of differences in the late-time response as mentioned above. Some differences between the plots in figure 16a and b are produced by the higher numerical noise floor of the FDTD algorithm as compared to Xpatch. (a) (b) Figure 16 . Detail on the radar range profiles for the room in figure 1 , as computed by FDTD (red line) and Xpatch (black line), in V-V polarization, at broadside incidence, for (a) brick walls and (b) concrete walls.
FDTD versus Xpatch at Oblique Incidence
In this section, we continue the comparison between the FDTD and Xpatch range profiles of a room with a human inside, by looking at oblique incidence in the azimuth direction (the elevation angle is still 0°). In order to avoid complications, we only analyze the brick room for this type of incidence. In figures 17 and 18, we represent the range profiles for 0° (as reference), 15°, 30°, and 45° incidence in azimuth, for V-V and H-H polarizations, respectively. Although the match in the main peaks between the two solutions is excellent at 0°, we notice that the two methods start to diverge at oblique incidence, the larger the off-broadside angle, the higher the deviation (again, there are differences in the numerical noise floor, but we are mainly interested in the peaks). It is interesting to notice that the deviation is larger for the H-H polarization than for V-V. In order to explain the difference between the FDTD and Xpatch solutions at oblique incidence, we must first notice that most of the major peaks in the range profiles come from diffractions from the room's corners (both interior and exterior corners). The problem of electromagnetic wave diffraction from a dielectric wedge does not have a general analytic solution (30) ; therefore, a treatment of this phenomenon could not be incorporated as such in Xpatch. Consequently, for scattering off the room's corners, the Xpatch solution must rely on a superposition of PO integrals computed on the walls sides, which are known to produce errors in non-specular directions of observation (20) . It is interesting to notice, however, that Xpatch can accurately treat diffraction from edges made of perfect electric conductor (PEC), since a closedform analytic solution for this case does exist (30) . Xpatch incorporates a switch that allows the user to turn the PEC edge diffraction terms computation "on" or "off" (turning the diffraction switch "on" may significantly increase the run time, so there are cases where the increase in solution accuracy does not justify the added computational expense).
We demonstrate the difference between the Xpatch calculations with and without diffraction terms for a PEC room with the same dimensions, at oblique incidence, in figure 19 (V-V polarization only). In this case, the walls are impenetrable, so the main radar return comes from the exterior corners (main peaks in figure 19 ). The FDTD (reference) solution displays a more complicated structure: besides the main peaks we see additional late-time responses, which are produced by surface waves traveling along the PEC wall faces (20) . Again, this phenomenon is not captured by Xpatch. However, its effect is irrelevant for real walls made of lossy dielectric.
In comparing the main peaks, we notice that the two solutions are off by up to 7 dB in figure 19a (diffraction switch turned "off"), but they match very well in figure 19b (diffraction switch turned "on"). It should be mentioned that the analytic solution computed by GTD (29) produces exactly the same main peaks as in figure 19b .
(a) (b) Figure 19 . Radar range profiles for a room as in figure 1 , with metallic walls, as computed by FDTD (red line) and Xpatch (black line), in V-V polarization, for 45° incidence.
Although this analysis of a room with PEC walls is not directly relevant to our STTW radar problem, it helps us understand where the Xpatch problems for the room models at oblique incidence (figures 17 and 18) come from. The conclusion is that the errors originate in the inadequate treatment of diffraction produced by the dielectric wall edges.
FDTD versus Xpatch for an Airborne Radar Scenario
So far, all models have assumed a ground-based radar, with incidence at 0 0 elevation. In this section, we consider incidence at an elevation of 20 0 , which would be more characteristic to an airborne radar scenario. The room mesh used in this case was described in section 3.1 (and figure 4) -its different features include a penetrable ceiling and an infinite ground plane (floor). Also, we do not place the human in the room in this case. The main purpose of this analysis is to assess the accuracy of the Xpatch solution compared to the reference (FDTD) for such a scenario.
In figure 20 we consider incidence at 0 0 azimuth. One major contribution for this case is the ground bounce, since the ground plane and the walls make perfect 90 0 corners. The third peak in figure 20 (both a and b) is produced by this phenomenon. It appears more prominently in H-H polarization than in V-V polarization (by about 25 dB), because the reflection coefficient is much larger in the former case (this can be related to the existence of the Brewster angle for V-V polarization (29) , close to the actual elevation incidence angle that we picked for this scenario). By comparing the Xpatch and FDTD solution, we notice a good match in the main peaks, although the solutions start to diverge in the late-time. As explained in section 3.5, Xpatch produces errors for off-broadside incidence to the walls, where diffraction terms become significant. Moreover, in the case considered here, these diffraction terms interact with the ground plane, creating a complex structure of the radar return. Finally, in figure 21 we tilt both directions of incidence by making φ = 30°. This time the mismatch in the main peaks becomes more significant, with differences up to 10 dB for H-H polarization. The principal scattering centers in this case are vertices and trihedrals made by dielectric surfaces (usually combined with the ground bounce), for which we expect Xpatch to exhibit even worse accuracy than in the previous cases.
(a) (b) Figure 21 . Radar range profiles for the brick room in figure 4 , as computed by FDTD (red line) and Xpatch (black line), at 30° azimuth and 20° elevation, for (a) V-V polarization and (b) H-H polarization.
Modeling the Radar in Cross-Polarization
In this section we introduce the idea that operating a STTW radar system in cross-polarization mode could enhance the contrast between the human and the walls or surrounding objects. The phenomenological basis for this idea is that both reflection from a flat surface and diffraction from straight edges produce a null response in the backscatter direction in cross-polarization (29) . However, since the human body presents a curved, irregular shape, it should create a larger cross-polarized radar return than walls or other objects with regular, straight-edged, right-angled shapes. This would provide the opportunity to reduce the wall signature in the radar received waveform while emphasizing the human's response, and at the same time could provide a way to discriminate the signature of a human from that of other objects with the particular shapes mentioned above.
We consider again the same room as in figure 1 , with an incidence elevation angle of 0 0 . Since the mesh is symmetric over the x-z plane, incidence at 0 0 azimuth would produce null crosspolarization fields in backscatter (20) . Therefore, we choose an oblique azimuth angle of incidence (φ = 30 0 ). In figure 22 we compare, side by side, the range profiles obtained for copolarization mode (V-V) and cross-polarization mode (vertical-horizontal (V-H)). These simulations were performed with FDTD, since Xpatch does not produce accurate results in cross-polarization (19) . Whereas the human response is about 15-25 dB below the major peaks produced by the walls in co-polarization (figure 22a), the situation is reversed in the crosspolarization case (figure 22b). Notice though that the magnitude scale in figure 22b is much lower than the scale in figure 22a . Thus, the human response in cross-polarization is still about 20 dB lower than in co-polarization (notice that the attenuation upon transmission through walls is the same in both cases). Consequently, a radar operating in cross-polarization would have to process extremely weak signals, which may be obscured by noise. The authors recognize that there may be other issues related to building and operating a radar system in cross-polarization that are beyond the scope of this report. However, we think this is an idea that deserves further investigation, at least through computer simulations in a first instance. 
Conclusions
This study consisted of modeling the radar return from a simple room including a human. For this purpose, we employed two different simulation methods, FDTD (an exact solver) and Xpatch (an approximate solver). The results, presented as radar range profiles with a very large bandwidth, at various angles of incidence, help us better understand the electromagnetic phenomenology in operating an UWB radar for STTW applications. At the same time, we were interested in validating Xpatch as an accurate tool for modeling general STTW radar problems.
We considered three types of wall materials or construction techniques: brick, cinder block and solid concrete. The emphasis was on incidence at 0° elevation, as one would expect from a ground-based radar. One important conclusion was that, in the FDTD simulations, we need to add a floor and a ceiling to the room, in order to avoid certain modeling artifacts (diffraction of the plane waves over the top and bottom of the walls) and make the model more realistic. We also investigated incidence at 20° elevation, characteristic to an airborne radar scenario, where we added an infinite ground floor and an easily penetrable roof made of a thin sheetrock slab. Although in most cases we considered that the radar operates in co-polarization mode, we briefly explored the cross-polarization radar return from the room at oblique incidence, demonstrating that in this case, the human produces a much stronger response relative to the walls (however, in absolute terms, the cross-polarized received signal is much weaker than the co-polarized one).
In terms of chances to detect the human placed in the room, we noticed a relatively large backscatter return from the human when the walls are made of bricks, which do not attenuate the radar waves very severely. In the case of the concrete walls, the attenuation is much more pronounced, and the return from the human is weaker. The cinder block wall case falls in between: although the building material is concrete, the air gaps allow more penetration than a solid concrete wall. However, the interesting effect in this case is produced by multiple reverberations of the radar waves inside the blocks, resulting in a significant amount of clutter within a sizeable range that extends behind the wall. We concluded that, in this case, it would be extremely difficult to detect any kind of target placed in the vicinity of the wall.
By comparing the two modeling methods, we generally obtained a good match in the range profiles, both in terms of amplitude and phase. These results confirm the fact that Xpatch can be confidently used in simulating STTW radar problems, at frequencies as low as 1 GHz. As we have mentioned in a previous study (16) , this is made possible because the scattering structure physical dimensions for these scenarios (large walls) are much larger than the wavelength, therefore, the PO approximation works well in these cases. Diffraction from dielectric edges constitutes one important exception, since Xpatch does not incorporate an accurate mechanism to account for this phenomenon. This produces errors in the backscatter response at oblique incidence angles (both in azimuth and elevation). These errors are small when only one incidence direction deviates from the normal to the wall, but can become relatively large for oblique incidence in both azimuth and elevation. Although a STTW radar should normally be directed perpendicular to a side of the building, we need to understand the issues related to oblique incidence angles, which are very important in a wide-angle SAR imaging scenario. With regards to FDTD, we noticed some phase errors in the range profiles, which were produced by numerical dispersion. This underscores the importance of following the 10 samples per wavelength rule at the highest frequency in the spectrum. Since we did not meet that criterion for propagation inside the wall materials, we noticed some phase lag in the FDTD-computed late-time peaks, as compared to the Xpatch solution. Another remark was that FDTD generally produces a higher numerical noise floor than Xpatch, and that could be an issue if we try to model a radar system that requires a very large dynamic range.
In a follow-up to this report, we will investigate SAR images of rooms and buildings, based on computer simulated data. Again, we will use both modeling methods (FDTD and Xpatch) and compare the accuracy of the two. The wide-angle integration mechanism present in a SAR image allows the target localization in cross-range, as well as significant clutter reduction. We will also investigate the trade-offs between certain radar parameters, as well as multipath propagation and scattering issues specific to a STTW scenario.
